Aims/hypothesis Exposure to excess glucocorticoid is associated with pancreatic beta cell damage and decreased glucose-stimulated insulin secretion (GSIS). Inactive glucocorticoids (cortisone, 11-dehydrocorticosterone) are converted to active cortisol and corticosterone by 11β-hydroxysteroid dehydrogenase type 1 (11β-HSD1), which requires NADPH as cofactor, which is generated by hexose-6-phosphate dehydrogenase (H6PDH). We investigated the localisation and activity of 11β-HSD1 within pancreatic islets, and determined its functional role in the regulation of insulin and glucagon secretion. Methods mRNA expression of 11β-HSD1 (also known as HSD11B1), glucocorticoid receptor and H6PDH (also known as H6PD) in human pancreas and murine islets was examined by real-time PCR. 11β-HSD1 protein levels were examined by immunohistochemistry and immunofluorescence. 11β-HSD1 activity was assessed in intact tissue and isolated islets of wild-type (WT) and both 11β-Hsd1-and H6pdh-null mice. Glucagon secretion and insulin secretion were analysed by RIA and ELISA respectively in isolated murine islets incubated with dexamethasone. Results 11β-HSD1 co-localised with glucagon in the periphery of murine and human islets, but not with insulin or somatostatin. Dexamethasone, 11-dehydrocorticosterone and corticosterone induced a dose-dependent decrease in GSIS and glucagon secretion following low glucose stimulation. Reduction of 11β-HSD1 activity with specific inhibitors or in experiments carried out in H6pdh-null mice reversed the effects of 11-dehydrocorticosterone, but had no effect following treatment with corticosterone. Conclusions/interpretation Local regeneration of glucocorticoid via 11β-HSD1 within alpha cells regulates glucagon secretion and in addition may act in a paracrine manner to limit insulin secretion from beta cells.
. GR immunoreactivity has been found to be exclusively present in the nuclei and cytoplasm of beta cells of rat pancreatic islets [7] . The effects of glucocorticoid on insulin secretion are dependent upon the dose and duration of administration [8] . While most studies report inhibition of insulin secretion by glucocorticoids [5, [9] [10] [11] , long-term culture in hydrocortisone [12] and dexamethasone-treatment of islets from adrenalectomised rats [13] increase insulin release. However, transgenic mice overexpressing GR (also known as NR3C1) specifically in the beta cell have impaired glucose tolerance due to decreased insulin release, suggesting a direct inhibitory action of glucocorticoid upon the beta cell [14] .
Pre-receptor regulation of glucocorticoid availability by the enzyme 11β-hydroxysteroid dehydrogenase type 1 (11β-HSD1) has been implicated in the pathogenesis of the metabolic syndrome, obesity and type 2 diabetes [15] . 11β-HSD1 is present at high levels in liver, adipose tissue and muscle, but it has also been reported to be present in pancreatic islets [4] . The activity of 11β-HSD1 primarily generates active glucocorticoid and cortisol (corticosterone in rodents) from inactive cortisone (11-dehydrocorticosterone in rodents) via its oxo-reductase activity [16] . Critically, this oxo-reductase activity is cofactor (NADPH)-dependent and regulated by a tightly associated endo-luminal enzyme, hexose-6-phosphate dehydrogenase (H6PDH). Decreases in H6PDH production and activity have been shown to decrease 11β-HSD1 oxo-reductase and increase dehydrogenase activity [17] .
Rodent models have significantly contributed to our understanding of the role of 11β-HSD1 in the pathogenesis of disease. Tissue-specific overexpression models in liver and adipose tissue have highlighted potentially important roles in the control of adiposity, carbohydrate metabolism and insulin sensitivity [18] [19] [20] . 11β-Hsd1-null mice are protected from the metabolic consequences of obesity and have improved glucose tolerance in comparison with wildtype (WT) animals [21] . Similarly, H6pdh knockout animals have improved glucose tolerance [22] . However, studies examining insulin secretion in these animals in response to glucose administration, either in vivo or in explanted tissues, have not been performed. In both of these models, decreased glucocorticoid generation within the pancreatic islet may contribute to their phenotype.
11β-Hsd1 mRNA, and 11β-HSD1 protein and dehydrogenase activity have been detected in islets isolated from ob/ob mice [4, 6] . While enzyme activity and cellular localisation studies have not been performed, incubation with 11-dehydrocorticosterone decreased glucose-stimulated insulin secretion (GSIS) in a dose-dependent manner. This was reversed by incubation with 11β-HSD1 inhibitors carbenoxolone [4, 6] and BVT.2733 [6] , and partially reversed by GR antagonist RU38486 [6] .
The evidence for glucocorticoid modulation of insulin secretion is clear. However, the contribution of pre-receptor glucocorticoid metabolism through 11β-HSD1 needs to be clarified. Furthermore, the impact upon glucagon secretion has not been examined. The aims of this study were to determine the precise cellular localisation of 11β-HSD1 in mouse and human pancreatic islets and to assess the functional impact of 11β-HSD1 on islet insulin and glucagon secretion.
Methods
Animals We used 10-to 12-week-old male and female C57BL/6 mice unless otherwise specified. All procedures were carried out in accordance with the UK Animals (Scientific Procedures) Act, 1986. Mice with a targeted inactivation of H6pd (H6PDH-KO) were generated as previously described [22] . 11β-Hsd1-null mice (11β-HSD1-KO) were generated in-house (G. G. Lavery, unpublished data). Where human samples were used, local research ethics committee approval was in place.
Tissue collection and histology Mice were killed by cervical dislocation and the whole pancreas immediately removed. Tissues were fixed in 10% (vol./vol.) formalin, embedded in a random orientation in paraffin and cut into 5 μm sections. Liver and kidney were collected and prepared as positive controls. Human pancreatic tissue was obtained with appropriate ethical approval from the South Birmingham Regional Ethics Committee. Tissue was excised by the consultant pathologist reporting the specimen, with 'normal' resection margins observed for distance from the pancreatic tumour in Whipple's specimens. All samples were processed immediately after collection from the operating theatre.
Immunohistochemistry and immunofluorescence Subcellular localisation of the pancreatic hormones insulin, glucagon, somatostatin and pancreatic polypeptide, as well as 11β-HSD1 and GR from both male and female murine tissues was assessed using immunohistochemistry. Slides underwent dewaxing, rehydration, antigen retrieval in citrate buffer and treatment with methanol-hydrogen peroxide (1:1000, vol./vol.). Slides were blocked for nonspecific binding in 10% (vol./vol.) normal donkey serum. Antibodies for insulin and glucagon were raised in mice (Sigma, Poole, UK) and used at a dilution of 1:500. Rabbit anti-somatostatin (VectorLab, Burlingame, CA, USA) and anti-pancreatic polypeptide (Progen, Heidelberg, Germany) were used at 1:50 and mouse anti-GR (Affinity BioReagents, Golden, CO, USA) at 1:10 dilutions. The antibody for 11β-HSD1 was raised in sheep (amino acid residues 18-33), as previously reported [23] and used at a dilution of 1:100. The negative control for 11β-HSD1 comprised the primary antibody preabsorbed with the immunising peptide at a dilution of 1:100, while the negative controls for pancreatic hormones and GR were carried out using normal donkey or goat serum respectively in place of a primary antibody. All slides were incubated with the primary antibody or serum substitute for 90 min. Horseradish peroxidase-conjugated secondary antibodies raised against mouse (VectorLab), rabbit (Dako, Glostrup, Denmark) and sheep (The Binding Site, Birmingham, UK) were added for 30 min at 1:100 working dilution. Staining was detected using peroxidase substrate 3,3′-diaminobenzidine (Sigma). All sections were counterstained with Mayer's Haematoxylin and mounted with DPX (BHD, Poole, UK). This technique was repeated eight times for consistency. Human pancreas sections were processed in the same way.
Immunofluorescence was carried out to detect co-localisation of 11β-HSD1 with each of the pancreatic hormones. Primary antibodies were as described above. Anti-mouse Texas Red, anti-rabbit Texas Red (VectorLab) and antisheep FITC (The Binding Site) were used at a dilution of 1:100 and slides were covered in foil for the remainder of the procedure. Slides were mounted in Prolong Gold antifade reagent with DAPI (Invitrogen, Paisley, UK).
Islet isolation and treatment Female mice were killed by cervical dislocation and the pancreas removed to 0.1% (vol./vol.) KRB on ice. The organ was inflated with a cocktail of liberase (Roche, Lewes, UK) and trypsin inhibitors (Sigma, UK), and digested by repeated cycles of manual shaking followed by incubation in a 37°C waterbath for 3 min until digestion was complete. Tissue was pelleted and washed three times with KRB. Islets were hand-picked under a dissection microscope and incubated for 12 to 16 h in 12 mmol/l glucose RPMI media, with or without a range of treatments and inhibitors as outlined in the Results.
For analysis of insulin secretion, three islets were seeded per well in a 96 well plate, equilibrated to 3 mmol/l glucose in KRB and then treated for a further 2 h with the same control or glucocorticoid treatment at a concentration of 3 or 20 mmol/l glucose. Selective inhibition of 11β-HSD1 was tested using a novel pharmaceutical compound (PF-877423; Pfizer Global, La Jolla, CA, USA) [24] . Treatments were repeated using islets from H6PDH-KO mice.
For glucagon analysis, five islets were used per well in silicon-coated plates and were treated with glucocorticoid in 7 mmol/l or 1 mmol/l glucose.
Hormone concentrations were assayed in cell culture media using mouse insulin ELISA (Mercodia, Uppsala, Sweden) or glucagon RIA (Millipore, Billerica, MA, USA). Glucose-stimulated insulin (20 mmol/l glucose) and glucagon (1 mmol/l glucose) concentrations for control and glucocorticoid-treated islets were normalised to their equivalent basal concentrations (3 and 7 mmol/l glucose respectively). Resulting fold-change values were analysed by one-way ANOVA; all data were tested for homogeneity of variance and significant differences were further investigated by Bonferroni post hoc tests.
RNA extraction, RT reaction and real-time PCR Sufficient human samples were only available for immunohistochemical analysis; gene expression studies were therefore performed on commercially available pancreatic RNA (Clontech Laboratories, Mountainview, CA, USA). Mouse islet RNA was extracted from isolated islets using a kit (GenElute mammalian Total RNA Miniprep; Sigma) according to the manufacturer's protocol. Integrity and concentration of RNA was assessed by electrophoresis and spectrophotometry, respectively. Reverse transcription of 1 μg of total RNA was carried out using a kit (Multiscribe enzyme kit; Applied Biosystems, Warrington, UK) at 37°C for 1 h.
Quantitative mRNA expression levels of 11β-HSD1, H6PDH and GRα were measured by real-time PCR using an ABI 7500 system (Perkin-Elmer Biosystems, Warrington, UK). PCR was performed in 25 µl reactions on 96 well plates. Reactions contained TaqMan universal PCR master mix (Applied Biosystems), 900 nmol primers, 100-200 nmol TaqMan probe and 25-50 ng cDNA. All reactions were correlated to expression of ribosomal 18S rRNA (provided as a pre-optimised mix; Perkin-Elmer) as an internal reference. All target gene probes were labelled with the fluorescent label carboxyfluorescein and the 18S probe with the fluorescent label VIC. Reactions were as follows: 50°C for 2 min, 95°C for 10 min and then 40 cycles of 95°C for 15 s and 60°C for 1 min. Data were analysed according to the manufacturer's guidelines. They were obtained as C t values (the cycle number at which logarithmic PCR plots cross a calculated threshold line) and used to determine ΔC t values (ΔC t =C t of the target gene minus C t of the internal reference, 18S). Real-time primers and probes for 11β-HSD1, H6PDH and GRα were purchased as pre-designed expression assays (Applied Biosystems).
11β-HSD1 activity assay Conversion of 11-dehydrocorticosterone to corticosterone was determined by incubating intact murine pancreatic tissue or 120 isolated islets in 100 nmol/l 11-dehydrocorticosterone and tracer amounts of 11-[ 3 H]dehydrocorticosterone (50,000 cpm) that was synthesised in-house. Conversion of dehydrogenase activity was measured by similar incubation in 100 nmol/l corticosterone and tracer amounts (1.5 nmol/l) of [ 3 H]corticosterone (Perkin-Elmer).
After 24 h incubation, steroids were extracted from the medium with ten volumes of dichloromethane, separated by thin-layer chromatography with chloroform:ethanol (92:8, vol./vol.) as a mobile phase and the fractional conversion of steroids was calculated after scanning analysis using a Bioscan 2000 radioimaging detector (Bioscan, Washington, DC, USA). Activity was expressed as pmol g −1 h −1 where g represented total protein for islets or wet weight of tissue. The assay was repeated using isolated islets and pancreatic tissue from 11β-HSD1-KO and H6PDH-KO mice.
Results 11β-Hsd1 expression and 11β-HSD1 activity in murine and human pancreas Immunohistochemistry revealed that insulin was localised to the core of the murine endocrine islets (Fig. 1a) , while glucagon, somatostatin and pancreatic polypeptide were localised to the periphery (Fig. 1b-d ). 11β-HSD1 was predominantly localised to the periphery of the islet (Fig. 1e) . GR staining occurred throughout the whole islet and additionally in the pancreatic exocrine tissue (Fig. 1g ). These observations were endorsed in human pancreatic tissue with positive 11β-HSD1 immunostaining mainly in the periphery of the islet, together with glucagon, in contrast to central insulin staining (Fig. 2a-c ).
To provide a more accurate insight into cellular localisation, immunofluorescence staining of murine pancreatic sections was undertaken. 11β-HSD1 did not co-localise with insulin (Fig. 3a) or somatostatin (Fig. 3c) . However, staining for 11β-HSD1 did co-localise with glucagon within alpha cells (Fig. 3b) and with pancreatic polypeptide (Fig. 3d) .
Functional 11β-HSD1 enzyme activity was observed in WT murine pancreatic explant tissue. Activity was predominantly oxo-reductase, generating the active glucocorticoid, corticosterone (mean±SEM, 61.2±6.4 pmol g −1 h −1 , n=4) (Fig. 4a) , but dehydrogenase activity was also detected (13.1±6.2 pmol g −1 h −1 , n=7). Using isolated intact islets, oxo-reductase activity again predominated, but bidirectional activity was observed (oxo-reductase 222±23, dehydrogenase 184±24 pmol g −1 h −1 , n=3) (Fig. 4b) .
Using real-time PCR, 11β-HSD1-KO mice had no detectable 11β-Hsd1 mRNA expression in liver, muscle and pancreatic islets, contrasting with our observations in WT animals (mean ΔC t ±SE 4.5±0. (Fig. 4a,b) . Real-time PCR showed that 11β-HSD1, H6PDH and GRα were all expressed in murine islets and human pancreas. ΔC t values expressed relative to 18S as internal housekeeping control are presented in Table 1 (n=6).
Functional impact of glucocorticoid metabolism on insulin and glucagon secretion In all experiments, isolated islet viability was confirmed through the ability to secrete insulin following exposure to high glucose concentrations (20 mmol/l, data not shown). Preliminary data demonstrated no difference in the response in male and female mice (data not shown); in subsequent experiments only female mice were used. Dexamethasone treatment (0.5, 5 and 50 nmol/l for 2 h) decreased GSIS in a dose-dependent manner (18.7±2. (Fig. 5b) .
To assess the impact of pre-receptor glucocorticoid metabolism upon insulin and glucagon secretion, endogenous rodent glucocorticoids, 11-dehydrocorticosterone and corticosterone, were used. Consistent with the activation of 11-dehydrocorticosterone to corticosterone by 11β-HSD1, both 11-dehydrocorticosterone and corticosterone inhibited GSIS in WT islets (28 In WT islets, corticosterone (CORT) and 11-dehydrocorticosterone (11DHC) decreased GSIS in isolated intact murine pancreatic islets. Co-incubation of 11-dehydrocorticosterone with the selective 11β-HSD1 inhibitor, PF-877423, completely abolished its action (a). Consistent with a lack of 11β-HSD1 oxo-reductase activity in islets isolated from H6PDH-KO mice, GSIS was decreased by corticosterone, but 11-dehydrocorticosterone was without effect (b). Similarly (c), the ability of 11-dehydrocorticosterone (but not corticosterone) to decrease glucagon secretion in WT pancreatic islets was partially reversed by co-incubation with PF-877423. *p<0.05, **p<0.01, ***p< 0.001 (Fig. 6b) . In WT islets, 11-dehydrocorticosterone and corticosterone inhibited glucagon secretion following low glucose stimulation (3.0±0.9 [control], 1.2±0.1 [50 nmol/l 11-dehydrocorticosterone] p<0.05, 1.5±0.1 [50 nmol/l corticosterone] p<0.05, n=4; data expressed as fold increase in glucagon secretion) (Fig. 6c) . Co-incubation of 11-dehydrocorticosterone with the specific 11β-HSD1 inhibitor PF-877423 partially restored glucagon secretion (1.2±0. (Fig. 6c) .
Discussion
In this study, we have characterised the expression and activity of 11β-HSD1 in the mouse and human pancreas. While we performed detailed studies on murine pancreas and isolated islets, our studies in humans were more limited due to tissue sample availability. We have shown that prereceptor metabolism of endogenous glucocorticoid has significant implications for the control of insulin and glucagon secretion. Immunohistochemical analysis of 11β-HSD1 in pancreatic islets demonstrated localisation within the glucagon-producing alpha cells and not in the beta cells in human and murine tissue. Previous studies have shown 11β-Hsd1 mRNA expression in the ob/ob mouse and human islets using RT-PCR [4] , but crucially this present study has now determined the precise localisation of 11β-HSD1 within islets at the protein level. Previous studies had failed to show convincing protein levels in rat pancreatic islets [25] . Species differences in expression may be important and our observations with regard to GR abundance would endorse this. We observed GR immunoreactivity throughout the whole murine islet and not exclusively in the beta cells as reported in rat tissue [7] .
Our mRNA expression data endorse the observations in other rodent models [4] and extend these findings to human samples. While whole-islet expression levels were lower than those seen in liver and fat, this may be an underestimate of specific alpha cell expression, due to the high proportion of beta cells within the islet that, based upon our immunohistochemical analysis, were lacking in 11β-HSD1 expression.
Demonstrating functional enzyme activity is fundamentally important. We have shown that 11β-HSD1 is active within the islet and is capable of generating active glucocorticoid with predominant oxo-reductase activity. Other studies have only inferred 11β-HSD1 activity based upon observations following the use of 11β-HSD1 inhibitors [4] . However, we have now extended these findings and shown that, in knockout rodent models and following treatment with a selective 11β-HSD1 inhibitor, enzyme activity and active glucocorticoid generation is decreased.
Our data are consistent with previous observations that have shown decreased GSIS following glucocorticoid treatment [4] . GR overproduction in rodent beta cells leads to impaired glucose tolerance, decreased insulin secretion, hyperglycaemia and eventual diabetes in the context of unaltered insulin sensitivity [14] . The mechanisms that underpin these observations are poorly understood, but all of the following have been implicated: decreased GLUT2 protein stability [26] ; increased glucose-6-phosphatase activity [27] , glucose cycling [28] , neuropeptide Y expression [29] and α 2 -adrenergic receptor expression [30] ; decreased efficacy of cytoplasmic calcium ions on the exocytotic machinery [5] ; and a reduction of insulin gene expression resulting in decreased insulin content [31] .
The action of glucocorticoid upon glucagon secretion is more controversial with discrepancies reported in the literature. Results vary widely across species and with experimentation methods including clinical studies [32] , animal models and islets in vitro [33] . Pre-treatment of mice with prednisolone increased glucagon release from the isolated islets [33] , but glucocorticoids also decrease glucagon receptor expression [34] . In clinical studies, endogenous or exogenous glucocorticoid excess results in an increase in glucagon secretion [32] . However, the pathophysiological environment in these studies is complex, with a direct action of glucocorticoid upon carbohydrate metabolism (including glycogenolysis and gluconeogenesis) as well as insulin sensitivity. Therefore, extrapolation to a direct impact upon the glucagonproducing cells in the islet is difficult. In contrast to our observations with GSIS, RU38486 did not completely abolish the effects of dexamethasone upon glucagon secretion. This may reflect the complexities underpinning the regulation of glucagon secretion or the lack of specificity of action of RU38486. However it also raises the possibility that regulation of glucagon secretion by glucocorticoid may be controlled, at least in part, by non-GR-dependent mechanisms that have been described in other tissues [35] .
Interestingly, glucagon stimulates insulin secretion from neighbouring beta cells by cAMP-and protein kinase A-dependent mechanisms [36] . Glucagon receptor knockout mice have diminished GSIS compared with WT mice, suggesting that disruption of glucagon signalling affects the insulin secretory pathway [37] . Human beta cells express functional glucagon receptors, which can generate signals for GSIS [38] ; a glucocorticoid-mediated reduction in receptor number [34] could therefore impair insulin secretion.
The contribution of pre-receptor cortisol metabolism to the control of insulin and glucagon secretion has been explored in less detail. Incubation of islets from ob/ob mice in the presence of 11-dehydrocorticosterone led to a dosedependent inhibition of insulin release, which was reversed with the non-selective 11β-HSD1 inhibitor, carbenoxolone, or with the selective 11β-HSD1 inhibitor, BVT.2733 [4, 6] . However, this inhibition of insulin release could not be repeated using islets from normal (C57BL/6) mice [6] . The reason for this discrepancy is not clear, but it may relate to basal levels of 11β-HSD1. Our data clearly demonstrate the negative impact of synthetic and endogenous glucocorticoids (active and inactive) upon GSIS and glucagon secretion, and have shown that the ability of 11-dehydrocorticosterone to inhibit GSIS and glucagon secretion is dependent upon its activation to corticosterone by 11β-HSD1. Blocking 11β-HSD1 oxo-reductase activity by means of a selective inhibitor or in rodent models that lack H6PDH and have decreased 11β-HSD1 oxo-reductase activity as a consequence of impaired cofactor generation completely reversed the impact of 11-dehydrocorticosterone in our studies.
The novel findings in this study make it conceivable that 11β-HSD1 and its ability to generate active glucocorticoid within the islet impact upon insulin and glucagon secretion by three distinct mechanisms: (1) directly at the level of the alpha cell, modulating glucagon secretion; (2) by decreasing glucagon secretion, which may decrease insulin secretion via glucagon receptors expressed on the beta cells (as described above); and (3) by glucocorticoid production from alpha cells acting in a paracrine manner, regulating insulin secretion from neighbouring beta cells.
Selective 11β-HSD1 inhibitors decrease local glucocorticoid generation in rodent and primate models and in humans [39] [40] [41] . To date, clinical efficacy has only been demonstrated in rodents, which showed improved glucose tolerance and lipid profiles, as well as increased insulin sensitivity and decreased atherogenesis [42, 43] . Studies to determine a specific impact upon insulin secretion have not been performed. However, if our observations are extrapolated to whole animal studies, enhanced insulin secretion may contribute to the beneficial effects of selective 11β-HSD1 inhibitors. Our observations in islets isolated from 11β-Hsd1 and H6pdh knockout animals may partially explain the improved glucose tolerance in these animals as a consequence of increased insulin secretion following glucose stimulation secondary to decreased local glucocorticoid availability [21, 22] .
In summary, we have shown that 11β-HSD1 is localised to the alpha cells within pancreatic islets. Glucocorticoids generated through the activity of 11β-HSD1 decrease insulin and glucagon secretion, acting perhaps in an autocrine and a paracrine manner. Selective 11β-HSD1 inhibitors that enhance peripheral insulin sensitivity and potentially increase insulin secretion could therefore be a valuable tool in the treatment of patients with type 2 diabetes.
